Abstract-Despite the installation of LPS, the possibility of direct lightning strikes to the solar PV panel frame/structure might still happen. Hence, this paper discusses the grounding strategies for solar PV panels to mitigate hazards from overvoltages when this occurs. In this research project, two strategies are considered for the solar PV assemblies; individual assembly grounding and grouped assemblies grounding. This paper focuses on individual assembly grounding and some preliminary results are presented and discussed.
I. INTRODUCTION
In a solar photovoltaic (PV) farm, solar PV panels are fixed on a grounded structure with bolts and nuts. The structure, the frame of the PV panels, and the bolts and nuts are metallic (together called the assembly) and the layout of all assemblies of the entire solar farm depends on the terrain where they are installed.
Lightning protection systems which are installed on a solar PV farm are mostly based on a Franklin rod (connected to a down-conductor) as the preferred point of attachment. Consequently, it utilises the concept of protective angle or rolling sphere method to determine the protective zone to the solar panel assemblies [1] - [3] . Hence, many such rods would be installed in a solar farm. These lightning rods can be installed either as isolated systems or as non-isolated systems from the solar panel assemblies [3] , [4] . Each isolated system consists of a free-standing mast (connected to a Franklin rod at the top) that is erected some distance away from the solar PV assembly Fig. 1a . The non-isolated system is installed as an integral part of the structure of the assembly itself Fig. 1b . For the latter, the structure forms part of the lightning down conductor system [4] . This paper considers the possibility that, despite the installation of the lightning protection system (LPS), direct lightning strikes to the solar PV panel frame/structure might still happen [5] , [6] . Hence, lightning current will flow through the PV frame/structure to the ground. Therefore, the project investigates the effects of direct lightning strikes onto a solar PV assembly by considering the overvoltage resulting on the system due to various grounding arrangements.
II. METHODOLOGY
The assembly considered consists of ten units of 350W panels occupying an area of 5m x 4m with a total output of 3.5 kW. Each assembly is inclined for better electrical output but the exact angle of inclination will not be considered in this paper. The dimensions of each solar frame are 1m width and 2m length and its cross-section is 2cm width and 5cm height and it is as illustrated in Fig. 2 . In this investigation, two strategies are considered for the case of protection which is: individual and group groundings. These are illustrated in Fig. 3(a) , Fig. 3(b) and Fig. 3(c) . For each strategy, an impulse current will be injected at point A in these figures.
The lightning current considered in this investigation is defined by the double exponential expression as in (1) [2]. The corresponding lightning protection level (LPL) 1 is used in this investigation where the subsequent stroke of 0.25 s front time and 100 s tail time current waveform is considered and its parameters are tabulated in Table 1 . In general, subsequent strokes have a higher rate of rise of current in comparison to the first strokes although they have lower peak currents. The resulting voltage drops are then assessed for each strategy with different soil resistivity of 10 ohm-m and 100 ohm-m respectively. Furthermore, aluminium is used as the material for the solar panel structure and for the down conductor between PV assembly and earth. (1) where I is the peak current, k is the correction factor for the peak current, t is the time, 1 is the front time constant, and Table 1 Lightning current impulse waveform of 0.25 s/100 s (generated from (1) using parameters tabulated in Table 1) III. RESULTS AND DISCUSSION Plots of voltage drops for different strategies are shown with respect to different soil resistivity and the grounding arrangement points as previously illustrated in Fig. 3a , and Fig. 3b .
A. Individual Ground -Side grounding (10 ohm-m soil resistivity)
As shown in Fig. 5, Fig. 3a has been represented by a series of R, L and C components and the resulting circuit has been modelled in PSpice software [4] , [7] , [8] . The voltage drops are determined at various locations (denoted from 'A' to 'R') in the circuit as depicted in Fig. 5 . The scenarios considered were also modelled in COMSOL Multiphysics (RF Module) [9] . This is to allow the authors to check whether a PSpice approximation is acceptable. In COMSOL, the geometry (single assembly with side grounding) has been modelled in a 3D environment domain with dimensions of 20m (depth) x 20m (width) x 40m (height) and meshed accordingly in normal size mesh. The ground domain was set to 10 ohm-m for soil resistivity with its boundaries set to be a perfectly matched layer (PML). PML ensures no reflections within the soil.
Furthermore, similar voltage drop evaluation points (denoted from 'A' to 'R') were used in COMSOL for an easy comparison with those denoted in PSpice and it is depicted in Fig. 8 . The results using COMSOL are as plotted in Fig. 9 and its zoomed-in version is as plotted in Fig. 10 . It is concluded that the results produced by both software packages are in agreement.
The simulation in COMSOL took a much longer time to complete despite using a six-core processor with 48GB of RAM. This is probably due to the domain size and model configuration. Owing to the time consuming computation by COMSOL, the authors have continued the investigation using PSpice since the results obtained from both PSpice and COMSOL are equivalent. 
B. Individual Ground -Side grounding (100 ohm-m soil resistivity)
Similar circuit and setup as Fig. 5 were used but with soil resistivity configured to 100 ohm-m. The voltage drop calculations at the same locations as denoted in Fig. 5 were used and the results obtained are as depicted in Fig. 11 and Fig. 12 is the zoomed-in version of it. It is found that the voltage drop at injection point 'A' has increased to 3.5MV and the voltage drop at grounded point 'L' has also increased to 2.5MV (from 250kV for 10 ohm-m of soil resistivity) when the soil resistivity of 100 ohm-m was applied. In contrast to the results with 10 ohm-m soil resistivity (see Fig. 7) , the rest of the voltage drops evaluated are all relatively close together between 2.5MV and 3MV. C. Individual Ground -Mid-section grounding (10 ohm-m soil resistivity) As shown in Fig. 13, Fig. 3b has been similarly represented by using a series of R, L and C components. However, the grounding point has been changed to point 'I'. As in the case for side-grounding, voltage drops evaluation (at various locations denoted from 'A' to 'R') was used and as depicted in Fig. 13 . Results for voltage drops at point of injection (i.e. 'A'), surrounding the ground points (i.e. 'F', 'G', 'L', 'M' and 'R'), near the ground points (i.e. 'C', and 'O') and grounding point (i.e. 'I') are displayed in Fig. 14 up to 100 s. Fig. 15Fig. 7 is the zoomed-in display of selected voltage drops up to 5 s.
The voltage drop at the injection point was found to be the highest (1.7MV) and it is 30% less when compared to the side grounding (see Fig. 7 ). The lowest voltage drop was seen (i.e. around 250kV) at point C and the second lowest was measured at point 'L' (i.e. around 300kV). However, the point (i.e. point 'I') connected to down conductor was measured at 400kV. Furthermore, the rest of the calculated voltage drops were between 500kV and 1MV. is the zoomed-in version up to 5 μs. It is noted that the voltage drop evaluated at the point of injection (i.e. point A) has increased to 3MV which is double the value when compared to that with 10 ohm-m soil resistivity. However, the voltage drop evaluations for the rest of the points are found to be within the same range of just over 2.5MV. IV. CONCLUSIONS A study of grounding strategies for solar PV panels has been presented by considering 2 different positions of the PV assembly for grounding and also for 2 different soil resistivity of 10 ohm-m and 100 ohm-m.
Results obtained using PSpice have shown to be reasonably accurate because they were equivalent to that generated by COMSOL.
The results for side grounding with different soil resistivities were compared and it is found that voltage drops at the grounded point of an assembly varied significantly. On the other hand, the results obtained for mid-section grounding arrangement with different soil resistivities have apparently shown that mid-section grounding may not be advisable because it does not offer any obvious advantage.
Therefore, for a single assembly, side grounding may be the best grounding strategy to be adopted. Further work will be conducted on different points of lightning attachment for a single solar PV assembly, and for groups of solar PV assembly.
